Introduction
in 1973 we began a study of the potential use of a natural ecosystem, a freshwater tidal marsh (Hamilton Marshes}, in the management of water quality in a portion of the Delaware River. Our initial emphasis was on vegetation composition and primary production.
2 In 1974 we expanded our research to include other functional aspects of the marsh ecosystem, initiating experiments on soil algae distribution and biomass, soil nutrient and organic matter content, plant nutrient content, nutrient movement through the marsh by analysis of surface water, and movement of detritus into and out of the marshes. Preliminary results of this work, parts of which are reported in this paper, clearly demonstrate that the marsh is highly productive and that it is an efficient nutrient processes
The Delaware River Ecosystem
Degradation of water in the Delaware River estuary system is a problem of local and regional concern. Compared to other east coast estuarine systems, much more biochemical oxygen demand (BOD) is discharged into the Delaware River basin. 3 A recent Delaware River census further demonstrated that areas within the estuarine system are polluted/Organic enrichment, evidence of toxic pollution, and periods of low dissolved oxygen were shown for sections of the estuarine system between Trenton and Salem, N.J. Walton and Patrick suggested that degrada- tion was greatest around Philadelphia. Sewage effluent is a major source of pollution in the estuarine system.
Of the approximately 158,000 acres of marshland in the Delaware River estuarine system, 5% are freshwater tidal marshes. These are located along the northern section of the tidal area from south of Philadelphia to Trenton. An analysis of the RANN study shows that the freshwater marshes vary in size from about 20 acres to over 2000 acres and that the average size is approximately 850 acres. 5 Compared to the salt marshes, these freshwater marshes show more evidence of perturbation. There was evidence of organic enrichment in all of the marshes mentioned in the RANN report with most of it coming from sewage treatment plants. In addition approximately 50% of the freshwater marshes are used as sites for landfills or for disposal of industrial wastes. The report suggested that several of the marshes are heavily impacted and in a severely degraded condition.
Of what value are the freshwater tidal marshes and is it important that they be managed? The State of New Jersey has declared that they are valuable natural areas and has included them in the New Jersey Wetlands Act of 1970. The marshes act as impoundments that store excess water during periods of high water flow.
Between Trenton and Bordentown, N.J., more than 30 million gallons per day (mgd) of secondarily treated sewage effluent are discharged either directly or indirectly into the Delaware River.
6 Except for the Ewing-Lawrence and Hamilton Township Sewage Treatment Plants, most of the effluent is discharged directly into the Delaware River. Hamilton Township discharges approximately 7 mgd into Crosswicks Creek, a tributary of the Delaware River. Crosswicks Creek is the largest stream that flows through the Hamilton Marsh ecosystem (Fig. 20-1 ). To account for a projected increase in utilization of their facility, officials in Hamilton Township are presently contracting for the expansion of their sewage treatment plant to handle 17.5 mgd. They must also decide whether they will continue to discharge their effluent into Crosswicks Creek or pump it directly into the Delaware River. As population increases within the Trenton metropolitan area, other municipalities will also have to expand their capacities and without tertiary treatment or other suitable means of disposal, enrichment of the upper Delaware River estuarine system will surely increase. To prevent further pollution of that system, other disposal alternatives must be examined. This paper will demonstrate the tertiary treatment capabilities of the Hamilton Marshes through analyses of several important marsh functions.
Study Site
The Hamilton Marshes occupy approximately 500 ha of tidal and nontidal land along an old meander adjacent to the Delaware River near Trenton, N,J. (Fig. 20-1) . This is the northernmost tidal marsh in the Delaware River basin. Trenton has a typical temperate climate with a cold but not long winter ( Fig. 20-2) . 7 Precipitation averages 1020 mm annually and it is fairly evenly distributed with a maximum in July and a minimum in October. The average temperature is 12.1°C and the growing season lasts from mid- Because the precipitation curve is always above the temperature curve, the climate is interpreted as not having a dry season. Along the abscissa are plotted the months of the year (January-December) and a shaded area which shows the number of months during which there is a chance of temperatures that fall below OX. Trenton has a Type VI climate according to the system of Walter and Lieth (see note 7). Precipitation above 100 mm per month is plotted on the scale of 1:3 (lO°C:30mmppt.).
April until late September. Within the marsh, water supply is always adequate, and temperature, along with photoperiod, seem to be the most important factors controlling biological activities of organisms. The silt and silt-clay soils are highly organic (15-50%) .
Vegetation Analysis
The marsh can be divided into 4 habitats: (1) streams and stream banks-including channels that connect streams to high marsh areas, (2) high marsh areas that are covered by shallow water (usually less than 15 cm) at high tide only, (3) areas that are pond-like during much of each tide cycle and are drained only at low tide, and (4) 
Primary Production
Measurements of primary production are frequently used as indicators of how ecosystems function. High rates of production are indicative of high rates of nutrient assimilation. Primary production of each vegetation association was examined in 1974. Aboveground biomass was harvested throughout the growing season using .
0.25 rtf quadrats. On each sampling date, three quadrats were harvested from each study site. Fig. 20-3 is a composite of our productivity data for the entire marsh. The data have been separated into two categories: (1) sites dominated by arrow arum (Peltandra oirginka) and/or yellow water lily (Nuphar advena), and (2) all other sites. This separation was necessary because of bimodal patterns of production for both arrow arum and yellow water lily. Both species assumed aspect dominance throughout the marsh during the early part of the growing season. As other species became dominant, both species began a widespread die back as seen in . 20-3. We estimate overall aboveground net primary production at 9.5 t/ha/yr (Table 20-1) . Production values for the dominant community types varied from 6.5 t/ha/yr for arrow arum dominated communities to 21.0 t/ha/yr areas dominated by spiked loosestrife. Cattail and giant ragweed dominated stands were also highly productive. The mixed vegetation type was most expansive and averaged 9.1 t/ha/yr. Fig. 20-4 shows seasonal changes at one of the high marsh sites dominated by bur marigold. There was a linear increase in aboveground biomass throughout the growing season and we estimated that a total of 1246.7 tons of biomass were produced during the growing season. That value was approximately 50% of our estimated total aboveground net primary production for the entire marsh. We have completed preliminary analysis of the vegetation for total nitrogen content using a modified Kjeldahl technique. 8 Average nitrogen content for the species in the mixed vegetation type is 2.49%. The value falls well within reported data for plants from other marsh ecosystems. 9 We estimate total nitrogen uptake within that vegetation type at 32 tons. Ala.
Ala.
Table 20-2 compares data for salt marshes, freshwater tidal marshes, and other freshwater marshlands. With the exception of the freshwater tidal marsh data, most of the data has been taken from C. W. Keefe's summary of marsh production. 10 It is apparent that there is much variability in the data and that it is difficult to determine which habitat supports the highest overall primary production. In two closely related studies, biomass accumulation was observed in two freshwater tidal marshes along the Delaware River.'' For similar vegetation types, production values are comparable. It is obvious that freshwater tidal marshes are highly productive and that they are as productive as estuarine salt marshes. Production values for salt marshes
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between Virginia and New York ranged from 300-1331 g/m7yr. The reported range of aboveground production for nontidal marshes is approximately 150-2000 g/m z /yr.
Soil Algae
Studies are currently assessing the role edaphic algae play in the Hamilton Marshes. Working with the top two centimeters of marsh soil, we have estimated soil algal standing crop using chlorophyll extraction techniques outlined by H. L. Goltermanand modified for our system. 12 Fig. 20-5 summarizes our findings for chlorophyll a and its degradation production phaeophytin. Mean chlorophyll a levels in the top two centimeters of soil show definite seasonal patterns and range from a high of 6.29 ^.g/top 2 cm 3 in early summer to a low of 1.96^g/top2 cm 3 in mid fall. These values are considerably lower than those reported for estuarine mudflats, 13 Mean phaeophytin values always exceed chlorophyll a reaching a maximum of 16.29 /Ltg/top 2 cm 3 in early fall. Soil algal standing crop appears to be influenced by the dominant vascular plant communities in the marsh. Areas dominated by yellow water lily consistently have chlorophyll a levels greater than mean values while high marsh areas dominated by mixed vegetation (bur marigold and others) have chlorophylls values below the mean. This relationship appears to be a function of differences in soils in the marsh. Silty sand soils of low organic content (about 15%) found in the yellow water lily areas provide the best substrate for algal growth, and silty clay soils of high organic content (25-50%) found in the mixed vegetation and cattail communities provide the poorest substrate. Shading by the higher plants also influences algal standing crops with the highest values occurring in the spring and early summer while the vascular plants are still relatively small. As the higher plants grow, chlorophyll a values decline and phaeophytin levels rise correspondingly.
Peak algal bio mass for the marsh, estimated from chlorophyll a values using Wetzel's factor of 60 for conversion of chlorophyll a to organic matter in nonnutrient limiting environments, was 37,7 kg/ha, which was two to three orders of magnitude less than the peak biomass of the vascular plants. I4 Nevertheless the edaphic algae cannot be overlooked, since they are the only functioning producers in the marsh for almost eight months of the year. Furthermore, it has been found that soil algae may contribute up to 25% of the total annual production in Delaware River salt marshes with a substantial part of this production coming during the winter and spring when the vascular plants are dormant. 15 
Water Quality
Surface water quality is being examined at eleven sites (Fig. 20-1} located on Cross wicks Creek and the major side channels in the marsh with emphasis on chemical species known to reflect metabolic processes in aquatic environments. Water is collected at morning high slack water (hsw) and afternoon low slack water (lsw) biweekly in the summer and at monthly intervals otherwise. All samples are analyzed for dissolved oxygen (azide modification 16 ), carbon dioxide," nitrogen (reactive nitrate, reactive nitrite, and ammonia plus amino acids 18 ), and reactive phosphate. 19 Based on water quality differences, the marsh may be conveniently subdivided into three regions, the main channel of Cosswicks Creek, side channels draining the high marsh, and pond-like areas. Selected sites from each of these subdivisions will be discussed separately.
The major unnatural perturbation of the surface waters in the Hamilton Marshes is the Hamilton Sewage Treatment Plant, which releases 7 million gallons of secondarily treated effluent into Crosswicks Creek daily. This impact is noticed in the main channel of Crosswicks Creek at hsw at Site 7 above the effluent release point and at Sites 1, 2, and 6 downstream from the release point at lsw. Water quality at Site 2 ( Fig. 20-6 ) is typical of these main channel sites. Dissolved oxygen levels, while following expected seasonal patterns, are always lower at Isw than at hsw. Carbon dioxide shows the reverse pattern with carbon dioxide levels being twice as high at Isw-as they are at hsw. All nitrogen species and reactive phosphate are similarly elevated at Isw.
Site 8 (Fig. 20-6 ) on Crosswicks Creek at the upper end of the marsh is minimally influenced by tidal action and shows little difference between hsw and Isw samples except for nitrate nitrogen. Thus the quality of water at Site 2 on Crosswicks Creek may be compared with that of Site 8 to assess the impact of the sewage treatment plant on water quality. Such a comparison shows that water entering the Hamilton Marshes from the Delaware River with the flood tide is somewhat higher in phosphate, ammonia, and nitrite than is the water entering the marsh from Crosswicks Creek, but neither source is as high in these materials or in nitrate as the Hamilton Township sewage effluent.
The pond-like areas of the marsh are typified by Site 4B (Fig. 20-7 ), which shows a fluctuation in water level of less than 50 cm with each tide cycle. At this site, water quality parameters behave as they would in very productive freshwater ponds with summer oxygen and nutrient depletion and elevated carbon dioxide levels. During the winter, oxygen levels are markedly higher and show considerable diurnal variation due to a lush growth of Rhizochnium sp. that develops as the higher vascular plants die back. Nitrate levels are consistently higher at hsw than at Isw. However, in the late fall when flood tide nitrate levels increase dramatically, Isw levels show only modest increases. Site 4C, which is also pond-like, shows similar marked increases in nitrate during the late fall, but at this site the Isw values are similar to hsw values. Since Rhizochnium does not appear at Site 4C, it would appear that perhaps this algae is acting as a sink for nitrate during the winter months. Unlike nitrate, phosphate levels never exceed 5 /u.g/1 and show no tidal influence at Site 48.
The high marsh areas represented by Site 5A (Fig. 20-7 ) appear to be intermediate between the main channel sites and the pond-like sites. Dissolved oxygen and carbon dioxide show the same pattern with respect to the tide as in the main channel of Crosswicks Creek, but oxygen levels are consistently 1 -2 mg/1 lower and carbon dioxide levels consistently about 10 mg/l higher than in the main channel. The highest carbon dioxide levels occur in October and November corresponding to the rapid dieback of vascular plants in the high marsh during this period. This further verified by results of litter decomposition studies of arrow arum, bur marigold, and wild rice ( Fig. 20-8 ). All three species lost approximately 50% of their weight between September and November. From June through September, nitrate, nitrite, and usually ammonia levels are higher at hsw than at Isw. The fall nitrogen levels show little difference between hsw and Isw, In fact, at Isw ammonia and nitrate levels at Site 5A are higher than at Site 5 located on the same side channel closer to Crosswicks Creek. Thus it appears that the high marsh areas may be acting as sinks for nitrogen during the summer months and then slowly releasing this nitrogen back into the marsh during the fall and winter. A similar mechanism may be acting for reactive phosphate which shows similar seasonal patterns.
Conclusions
Some researchers have suggested that brackish-water tidal marshes may act as nutrient sinks, 20 while others have suggested a similar role for freshwater tidal marshes. 21 Our data suggest that the high marsh areas may be acting as a nutrient sink during the summer months and that perhaps the pond-like areas of the marsh may be playing a similar role in the winter.
Salt marsh plots fertilized with sewage sludge have been shown to retain substantial amounts of the applied nutrients and thus may be poten- tially valuable as tertiary treatment systems. 22 It was estimated that each acre of salt marsh was worth as high as $83,000 as a tertiary treatment facility." Based on our data, and that of others, it would appear that freshwater tidal marshes may also be capable of performing tertiary treatment. 24 We believe that, these tidal marshes can process greater amounts of effluent each treatment period than many biological treatment systems, perhaps as much as 2-5 inches of waste water per day. In April 1975 we began experiments to assess the tertiary treatment capabilities of the Hamilton Township Sewage Treatment Plant. The effluent was sprayed on 10 by 20 m study plots located in a high marsh area at Site 5A dominated by mixed vegetation according to the treatment regime given in Table 20 -3. The results of this experiment will determine when and how much effluent can be applied during each treatment period. If the marsh can assimilate secondarily treated effluent at our low treatment level (2 inches per day), then the high marsh areas dominated by mixed vegetation should be able to process over 18 million gallons of effluent per day, about two and a half times the current daily flow from the Hamilton plant into Crosswicks Creek.
Notes

